The objective of this study was to identify superior parents for crosses and the best families to breed new clones of energy cane. The best-performing parents were RB867515, RB93509, KRAKATAU, IM76-228, IM76-229, and US85-1008. The heritability (0.59 -0.85)and accuracy values (0.76 -0.92) 
INTRODUCTION
Sugarcane (Saccharum spp.) is one of the most efficient crops in converting solar into chemical energy (Tew and Cobill 2008) . The crop is an important food and bioenergy source and a significant component of the economy in many countries in the tropics and subtropics.
With the feasibility of using cane residue and bagasse in ethanol production (second generation ethanol) and with the need to increase electricity production (thermoelectricity), sugarcane became one of the main options for the energy sector, mainly because of the high biomass yield and low production cost (Dias et al. 2013 ).
In recent years, sugarcane breeding focused on the development of cultivars with higher sucrose yield for sugar and ethanol production (Dal-Bianco et al. 2012 , Santchurn et al. 2014 , Iaia et al. 2014 , Carneiro et al. 2015 . The current demand for a higher biomass volume to produce second generation ethanol and electricity generates new research lines initiated for the development of cultivars with higher fiber content, the so-called cane energy (Santchurn et al. 2014 , Silveira et al. 2015a , Silveira et al. 2015b ).
However, since the metabolic pathways for sucrose and fiber synthesis are antagonistic (Ming et al. 2006 ), cane energy cultivar should be bred from crosses between genotypes of Saccharum spontaneum and Saccharum officinarum. The reason is that S. spontaneum has a higher fiber content than the other species of the genus Saccharum. However, their sucrose yield is low (Tew and Cobill 2008) . On the other hand, the current sugarcane (Saccharum spp.) cultivars have high sucrose (>13%) and medium fiber contents (~13%). Thus, a combination of Saccharum spp. and Saccharum spontaneum seems ideal for the development of cane energy cultivars.
After hybridization with parents to obtain cane energy, families must be evaluated to then select individual plants within the best families, because selection in families with high genotypic values increases the probability of finding superior clones among the progenies (Barbosa et al. 2005) . Based on this premise, family selection has been routinely applied prior to clone development in several breeding sugarcane programs (Stringer et al. 2011 , Barbosa et al. 2012 , Brasileiro et al. 2015 .
Recently, the Rede Interuniversitária para o Desenvolvimento do Setor Sucroenergético (RIDESA -Inter-University Network for the Development of the Sugarcane Industry) initiated a hybridization program involving S. spontaneum and S. robustum accessions, cultivars of the Republic of Brazil (RB), and cultivars of other Brazilian breeding programs, for the development of clones with a fiber content above 17% and the current standard sucrose percentage of 13% in cultivars available for commercial cultivation (Silveira et al. 2015b ).
As a contribution to the hybridization program and development of cane energy cultivars, the purpose of this study was to identify the best parents for future crosses, the best families for selection of individual plants and the best genotypes to be included in the next phase of the RIDESA breeding program.
MATERIAL AND METHODS

Family assessment
Fifty full-sib families from crosses performed in 2012 were evaluated at the Experimental Station of Serra do Ouro, of the Federal University of Alagoas, in the municipality of Murici (lat 9º 13' S, long 35º 50' W, and alt 450m asl), Alagoas, Brazil. After harvesting, seeds derived from biparental crosses were sent to the Experimental Station of Paranavaí of the Federal University of Paraná, in Paranavaí (lat 23º 05' S, long 52º 27' W, and alt 503 m asl), Paraná, Brazil, where they were sown in LVD soil. In October 2012, when grown to seedlings, the experiment was installed in a randomized block design with five replications. Each plot consisted of 20 seedlings, distributed in two 8m long rows, spaced 1.40m apart. The ratoon data were collected in July 2014, 11 months after the first cut.
The traits evaluated in families at the plot level were: mean number of stalks per plant (NS); mean stalk weight (MSW) estimated from the mean weight of 20 stalks per plot; fiber content in percent (FIB%) and sucrose content (SC%). The fiber and sucrose contents were determined in analyses of 500g samples of flour of 10 ground stalks, in 2 replications per family. In this way, we determined tons of cane per hectare, by weighing five replications (TCH.5r): TCH.5r = (NS × mSW × 10)/1.12, where: 1.12 = area occupied per plant in a plot in m² and 10 is the constant used to convert weight per plot into tons per hectare.
From the mean fiber content (FIB%), sucrose content (SC%) and tons of cane or stalks per hectare, in two experimental replications (TCH.2r), it was also possible to estimate the tons of fiber per hectare (TFH): TFH = (TCH.2r × FIB%)/100 and tons of sucrose per hectare (TSH):TSH = (TCH.2r × SC%)/100.
To analyze the data of TCH.5r, TCH.2r, FIB%, SC%, TFH, and TSH we used the following statistical model: y = Xr + Zg + e , where: y= data vector (y ~ N(Xr, V)); r is the vector of replication effects (assumed as fixed), added to the overall mean; g is the vector of genotypic effects,g ~ N(0, G), G = covariance matrix of genotypes (G = Iσ 2 g ); e is the error vector, where: e ~ N(0, R), R = residual covariance matrix (R = Iσ 2 e ). X and Z are the incidence matrices for these effects. The variance components σ 2 g and σ 2 e are the genetic and residual variance, respectively. Mixed model analysis REML/BLUP was performed using SELEGEN software (Resende 2007) .
Clone selection and evaluation
The 10 best families were selected for the main yield-related traits in sugarcane (tons of cane and fiber and sucrose contents per hectare. Within each family, the target was to select at least 10% of the genotypes, i.e., 10 seedlings per family.
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The selected seedlings were technically analyzed to establish estimates of the traits purity percentage (PUR%), percentage sucrose content (SC%), fiber content in percent (FIB%) and total recoverable sugar in kg of sugar per tons of cane (TRS).
RESULTS AND DISCUSSION
The genetic and environmental parameters resulting from the evaluation of 50 full-sib families by the REML/BLUP method are shown in Table 1 . The significant effect of genetic variance indicates the existence of genetic variability in the evaluated families and reinforces the possibility of genetic gains by selection (Table 1 ).
The mean family heritability (h 2 ) was high for the traits FIB%, SC% and TCH.5r, which allowed selection of the best families, with accuracy higher than 76%, suggesting a high correlation between the predicted and actual mean genotypic values of the evaluated families, which indicates the possibility of genetic gain with selection of the best families (Table 1) .
For TFH and TSH, h 2 was low due to the lower number of replications used in the estimates of the means of these traits (Table 1) . With only two replications, heritability is greatly reduced and consequently, the accuracy in estimating the genotypic means of the trait tons of cane per hectare (TCH.2r). Since the technological analyses were carried out in only two replications, only the cane yield data of the same plots could be used to estimate the genetic parameters of the traits TFH and TSH, which is exactly what contributed to the low heritability of these traits (Table 1) . However, in the estimates of genotypic means of FIB% and SC%, accuracies above 90% were obtained with only two replications, indicating that these traits were barely influenced by environmental effects.
In the evaluation of experimental traits, the accuracy of the coefficients of variation (CV%) was good ( Table 1 ). The effects of genotypic variance were significant by Deviance analysis, indicating the presence of genetic variability among the evaluated families (Table 1) .
Since the heritability for FIB%, SC% and TCH.5r was higher than heritability for tons of fiber per hectare (TFH) and tons of sucrose per hectare (TSH) (Table 1), the families were ranked for the traits TFH and TSH based on the genotypic means of FIB% and SC%, together with the genotypic mean of TCH.5r.
After ranking the families, the best 10 for TCH.5r, TFH and TSH were selected, followed by the selection of 3 to 17% of the seedlings in the best families, resulting in a total of 199 plants selected from 22 families ( Table 2) .
With the exploitation of the best families, possibly a higher number of high-yielding clones can be included in the subsequent steps of a sugarcane breeding programs (Barbosa et al. 2005 , Brasileiro et al. 2015 . Therefore, the identification of promising parents for crosses is essential to accelerate genetic gains and increase the likelihood of identification and selection of transgressive genotypes.
The families with highest means for tons of fiber per hectare (TFH) were 36 (IM76-228 × RB867515) and 46 (RB867515 × IM76-228). These families were outstanding for having a high fiber content (>14%) along with a high biomass yield, as well as the highest mean for tons of cane per hectare (TCH.5r) (Table 2 and Figure 1a) . : heritability of individual plot in the broad sense, the effects total genotypic; h 2 : heritability for mean families; r: number of replications; CV%: coefficient of experimental variation; *significant at 5% probability by the Deviance analysis; FIB% = fiber content (%); SC% = sucrose content (%); TCH.5r: tons of cane per hectare estimated in five replications; TCH.2r: tons of cane per hectare estimated in only two experimental replications; TFH: tons of fiber per hectare; and TSH: tons of sucrose per hectare.
The families 36 and 46 are reciprocal crosses between IM76-228 and RB867515. It shows the potential of combining these two parents to obtain energy cane cultivars, since their descendants have the vigor and productivity of RB867515, the cultivar most widely planted in the world (on nearly 3 million hectares in Brazil alone), associated with the high fiber content of IM76-228, a parent descendant of Saccharum robustum, whose great potential to obtain cane energy cultivars was observed in crosses.
Other families with high TFH means were 34 (RB93509 × KRAKATAU), 11 (RB83102 × IM76-229), 24 (RB92579 × IM76-229), 13 (Co617 × KRAKATAU), 40 (IM76-228 × US85-1008), and 22 (RB867515 × US85-1008). This also demonstrated the potential of the parents KRAKATAU, IM76-229 and US85-1008 for breeding of cane energy cultivars, in view of their high fiber content and biomass production in more than one cross (Table 2 ). These parents should be explored in hybridizations with other parents of the breeding program of RIDESA (RB cultivars) as a way of optimizing the development process of cane energy cultivars. Furthermore, hybridization between these parents can contribute to intrapopulation improvement, since these genotypes belong to the same heterotic group.
Family 16 (RB01649 × IN84-58) had the highest mean for fiber content (FIB%) (Table 2 and Figure 1a) , which may be a consequence of the genes transmitted by parent IN84-58. Therefore, new hybridizations between this parent and Saccharum spp. parents should be explored in order to assess the potential of this parent for the development of cane energy cultivars.
Outstanding performances were also observed in family 27 (RB93509 × Co285) and 44 (RB93509 × B70710). A large number of seedlings were selected (n k = 17) from these families, exceeding the target (n k = 10) during visual selection performed in the best families (Table 2) .
In some families, the selection rate (n k = 10) was not met, e.g., for family 30 (CTC5 × US85-1008), 6 (IAC87-3396 × US85-1008) and 3 (B70710 × RB72910) ( Table 2) . In these families, the high incidence of diseases such as smut 
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(Sporisorium scitamineum) and orange rust (Puccinia kuehnii), together with the reduced seedling vigor, resulted in the low selection rate.
The best performances in sucrose yield were observed in the families 43 (RB867515 × US76-14), 45 (CTC9 × UM69/001), 48 (RB946022 × RB92579), and 6 (IAC87-3396 × US85-1008), with sucrose yields of up to 17 tons per hectare (Table 2 and Figure 1b) .
The SC was highest in family 48, which actually involved a cross between two parents, both descendants of Saccharum spp. This cross maintained the high sucrose content of conventional crosses but had one of the lowest fiber contents (Table 2 ). This result was expected, since both parents have low fiber content.
The reason to select families with high genotypic mean for TFH and TSH was mainly the maintenance of genetic variability in the second test phase (T2) of the breeding program. Thus, an advancement of clones with high fiber content during the next stages of selection is expected, in addition to the selection of clones with the industrial traits found in the current cultivars. On this basis, future parents for backcross programs can be selected, and in a more optimistic scenario, it is possible to expect the release of new cultivars of cane energy and/or conventional sugarcane, since there are promising clones among the selected. Table 3 shows the fiber content (FIB%), sucrose content (SC%), purity (PUR%) and total recoverable sugar (TRS) of 35 of 199 of selected clones, which have industrial characteristics of energy cane.
The 35 most promising seedlings have a high fiber content and many of them also a high sucrose content. The description and agronomic evaluation of all clones during the following stages of the breeding program can confirm the potential of each selected genotype. Some of these clones may result in the first energy cane cultivars type 1, as described by Tew and Cobill (2008) , with higher fiber and the current mean sucrose contents.
Among the 35 promising genotypes, 24 were selected from families with high mean FIB% and reduced mean SC%. These families were 11, 13, 16, 24, 36, 40, 41, and 46 . The performance of these families for SC% and FIB% can be observed in Figure 1b . In family 36, with highest TFH (Table 2 and Figure 1b) , 5 of 10 selected seedlings were among the 35 most promising genotypes, demonstrating once again the potential of the combination between the parents IM76-228 and RB867515.
As seen in Figure 2 , there is broad genetic variability for SC% and FIB% both among families and among selected plants, demonstrating that the selection strategy was effective in maintaining the variability to be explored in the second selection stage.
By the selection strategy used here, it was possible to increase the probability of selecting seedlings with specific traits, such as the genotypes PRP1280e, PRP12108e, and PRP12130e, with fiber contents between 17.38% and 19.55% and low sucrose content, as well as genotypes with fiber content of over 15%, but also with high sucrose content, LCI Silveira et al. similarly to PRP12158e, PRP1214e, PRP12203e, PRP1260e, and PRP123e, aside from other genotypes that also had higher means of SC% and/or FIB% than the selected clones (Figure 2 ).
In the breeding program of Barbados, clones with up to 42% fiber content and a Brix content of 23.5% were obtained by crossing parents originating from recurrent selection with S. spontaneum accessions to increase sucrose contents (Kennedy 2008) . Santchurn et al. (2014) also obtained four types of high biomass genotypes in the Mauritius Sugarcane Industry Research Institute. The results obtained in Barbados, Mauritius, as well as in this study showed that the broad genetic variability in the Saccharum complex can be exploited for different purposes, in view of the numerous possibilities for new gene rearrangements in sugarcane, which will allow radical changes in the traits of future cultivar.
The selected genotypes have great potential to be exploited commercially and also in future crosses. Importantly, although these clones have interesting industrial traits, they must have high biomass productivity, be tolerant to the major pests and diseases, have longevity of the ratoon crop. Therefore, these traits should also be evaluated in the next selection stages.
The selection of sugarcane parents and hybrid combinations should be based on data of genetic diversity and the inbreeding coefficient to fully exploit the effects of dominance in hybridizations between parents of different heterotic groups (Brasileiro et al. 2014) . The adequate choice of the parents and combinations between them has contributed to the development of new cultivars, such as the large number of cultivars developed from hybridizations of RB72454 and SP70-1143. The crosses involving these two parents resulted in 10 cultivars, including the most commonly cultivated and planted in Brazil (Daros et al. 2015) . In fact, specific combinations are able to raise heterosis in segregating generations and increase the chances of identifying transgressive clones in their progenies (Silveira et al. 2015a ).
Hybrid combinations should be indicated based on the potential per se of the parents and the magnitude of their dissimilarities. The findings of this study may be highly useful in the development of new crosses involving parents with higher fiber content, which are mainly descendants of S. spontaneum and S. robustum with current clones and cultivars (Saccharum spp.).
Breeders have thoroughly explored the high sucrose potential in the sugarcane breeding programs. However, due to difficulties in recent years in obtaining genetic gain for this trait (Dal-Bianco et al. 2012) , apart from the growing worldwide demand for renewable energy, an alternative for the sugar-energy industry would be the development of cultivars with higher biomass production capacity and high fiber content. These new cultivars can significantly increase energy cogeneration, and optimize the exploitation of cellulose and hemicellulose, both in the production of second generation ethanol as of bio-oil and other products from biomass pyrolysis (Yang et al. 2006 ).
According to Tew and Cobill (2008) , currently grown sugarcane contains around 12% fiber and 13% sugar. According to these authors, the target of breeding cane energy cultivars should be 30% fiber and 5% sugar. But the way to achieve genotypes with these characteristics is still very long. Nowadays, energy plants are not able to process sugarcane with more than 20% fiber content. In this case, to meet the present demand of the sugarcane industry, cultivars with contents of fiber around 17% and sucrose of 13% are needed. This increase in fiber content would be interesting from an industrial point of view, once the sugar yield would be maintained and quality of the bagasse used in power cogeneration would be better and the calorific value consequently higher, allowing higher electricity production per ton of processed waste.
Reciprocal recurrent selection (RRS) should be applied based on the pedigree information and genetic diversity in order to exploit the heterosis of future crosses as much as possible. The potential of RRS to obtain vigorous hybrids is considerable. Therefore, the populations of Saccharum spontaneum, Saccharum robustum and Saccharum spp. must be improved by intra and interspecific hybridizations of the best parents of each population and recombinant generation.
Increasing the fiber content via recurrent selection in S. spontaneum and S. robustum populations is essential for the success of the cane energy program, since the use of parents with fiber levels superior to those used in the 50 crosses evaluated in this study can generate plants with fiber levels higher than those selected to date.
The findings of this study are essential as orientation for new hybridizations and to develop new evaluation and selection strategies for cane energy families. Crosses between Saccharum spp. × Saccharum spontaneum and Saccharum spp. × Saccharum robustum should be heavily exploited, with a view to increasing the current fiber content in future cultivars (Ming et al. 2006) . In addition, due to the expansion of sugarcane cultivation in Brazil in recent years, especially in areas with soil and climatic constraints, crosses of current cultivars with descendants of S. spontaneum and S. robustum can also contribute to the introgression of alleles responsible for providing increased longevity of sugarcane with mechanical planting and harvesting, as well as alleles with higher tillering capacity and also for tolerance of the major pests and diseases, aside from other biotic and abiotic stresses occurring in sugarcane.
CONCLUSION
The best parents in the development of clones with high fiber productivity are RB867515, RB93509, RB92579, KRAKATAU, IM76-228, IM76-229, and US85-1008. It was also possible to identify and select seedlings of the best families with a high fiber content combined with good sucrose content, seedlings with fiber content close to 20% and a low sucrose content, as well as seedlings with the same fiber and sucrose contents as the currently planted cultivars.
